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PROCESSES AND SYSTEMS FOR DRILLING
A BOREHOLE

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to processes and systems for
drilling a borehole, and more particularly, to processes and
systems for drilling a borehole wherein the real-time specific
drilling energies applied to the borehole are continually con-
trolled to efficiently approximate and deliver the least amount
of'energy required to destroy and remove a given unit volume
of rock without sacrificing rate of penetration.

2. Description of Related Art

In the production of fluid, from subterranean environs, a
borehole may be drilled in a generally vertical, deviated or
horizontal orientation so as to penetrate one or more subter-
ranean locations of interest. Typically, a borehole may be
drilled by using drill string which may be made up of tubulars
secured together by any suitable means, such as mating
threads, and a drill bit secured at or near one end of the drill
string. Drilling operations may also include other equipment,
for example hydraulic equipment, mud motors, rotary tables,
whipstocks, as will be evident to the skilled artisan. Drilling
fluid may be circulated via the drill string from pumps con-
jugate to the drilling rig through the drill bit. The drilling fluid
may entrain and remove cuttings from rock face adjacent the
drill bit and thereafter be circulated back to the drilling rig via
the annulus between the drill string and borehole. After drill-
ing, the borehole may be completed to permit production of
fluid, such as hydrocarbons, from the subterranean environs.

As drilling a borehole is typically expensive, for example
up to $500,000 per day, and time consuming, for example
taking up to six months or longer to complete, increasing the
efficiency of drilling a borehole to reduce cost and time to
complete a drilling operation is important. Historically, drill-
ing a borehole has proved to be difficult since an operator of
the drilling rig typically does not have immediate access to, or
the ability to make decisions based upon detailed rock
mechanical properties and must rely on knowledge and expe-
rience to change those drilling parameters that are adjustable.
Where a drilling operator has no previous experience in a
given geological area, the operator must resort to trial and
error to determine the most favorable settings for those
adjustable drilling parameters. Processes have been proposed
which utilize a traditional calculation of mechanical specific
energy (MSE), which is the summed total of two quantities of
energy delivered to the rock being drilled, torsional energy
and gravitational energy, and manual adjustment of drilling
parameters as a result of such calculation in an attempt to
increase drilling efficiency. The original calculation devel-
oped by Teale, R. (1965) is as follows:

MSE=(W ,/A,)+((120*n*RPM*T)/(A,*ROP))

Where:

MSE=Mechanical Specific Energy (psi)

W, =weight on bit (pounds)

A, =surface area of the bit face, or borehole area (in®)

RPM=revolutions per minute

T=torque (ft-1bf)

ROP=rate of penetration (ft/hr)

The basis of MSE is that there is a measurable and calcu-
lable quantity of energy required to destroy a unit volume of
rock. Operationally, this energy is delivered to the rock by
rotating (torsional energy) and applying weight to (gravita-
tional energy) a drill bit via the drill string. Historically,
drilling efficiency could then be gauged by comparing the
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2

compressive strength of the rock against the quantity of
energy used to destroy it. More recently, real-time monitoring
of rock properties and calculation of MSE based upon such
real time properties of drilling operations has been proposed
to increase drilling efficiency by monitoring and responding
to fluctuations in real-time MSE. However, a need still exists
to improve the understanding and efficiency of the process of
drilling a borehole.

SUMMARY OF THE INVENTION

To achieve the foregoing and other objects, and in accor-
dance with the purposes of the present invention, as embodied
and broadly described herein, one characterization of the
present invention is a process for drilling a borehole wherein
real-time data may be obtained to determine a gravitational
energy term, a torsional energy term, a hydraulic energy term
and a value for hydromechanical specific energy which is the
sum of the gravitational energy term, the torsional energy
term and the hydraulic energy term and values for these
energy terms may be determined. The hydromechanical spe-
cific energy based upon such real-time data may include a
hydraulic energy reduction factor so as to account for the
distance from the nozzle of the drill bit to rock and the kine-
matic viscosity of drilling fluid. Each of the gravitational
energy term, the torsional energy term and the hydraulic
energy term may be compared against a corresponding set-
point for each term. At least one drilling parameter may be
adjusted based upon the comparison thereby approximating
the least amount of energy required to destroy and remove a
given unit volume of rock without sacrificing rate of penetra-
tion.

In another characterization of the present invention, a pro-
cess is provided for drilling a borehole comprising obtaining
real-time data necessary to determine a gravitational energy
term, a torsional energy term, a hydraulic energy term and a
hydromechanical specific energy which is the sum of the
gravitational energy term, the torsional energy term and the
hydraulic energy term and determining values for these
energy terms. The determined values for each of the gravita-
tional energy term, the torsional energy term and the hydrau-
lic energy term may be compared against corresponding set-
points for each of the gravitational energy term, the torsional
energy term and the hydraulic energy term. At least one
drilling parameter may be automatically adjusted based upon
the comparison to thereby reduce the amount of energy
expended to destroy and remove a given unit volume of rock
without sacrificing the rate of penetration.

In yet another characterization of the present invention, a
process is provided for drilling a borehole comprising obtain-
ing real-time data necessary to determine a gravitational
energy term, a torsional energy term, a hydraulic energy term
and a hydromechanical specific energy which is the sum of
the gravitational energy term, the torsional energy term and
the hydraulic energy term and determining values for these
terms. The hydromechanical specific energy may be com-
pared against a quantity of specific energy representing a
compressive strength of subterranean rock encountered dur-
ing drilling, an energy of extrusion for crushed rock particles,
and drill string friction encountered in the borehole while
drilling, and at least one drilling parameter may be adjusted
based upon such comparison to approximate the least amount
of'energy required to destroy and remove a given unit volume
of rock without sacrificing rate of penetration.

In a further characterization of the present invention, a
system is provided for drilling a borehole. The system com-
prises a drilling rig comprising a drill string having a drill bit
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secured to one end thereof, draw works for raising and low-
ering the drill string, a top drive for rotating the drill string and
at least one mud pump for circulating drilling fluid through
the drill string and the drill bit. At least one programmable
logic controller may be connected to and control at least one
of the draw works, the top drive and the at least one mud
pump. A control system may determine a gravitational energy
term, a torsional energy term, a hydraulic energy term and a
hydromechanical specific energy which is the sum of the
gravitational energy term, the torsional energy term and the
hydraulic energy term. The control system may compare each
of'the gravitational energy term, the torsional energy term and
the hydraulic energy term against a corresponding setpoint
for each term, and adjust at least one drilling parameter based
upon the comparison to thereby approximate the least amount
of'energy required to destroy and remove a given unit volume
of rock without sacrificing rate of penetration. A graphical
interlace may display at least the hydromechanical specific
energy and permit a user to change the corresponding setpoint
manually or automatically by means of the control system.

In a still further characterization of the present invention, a
system is provided for drilling a subterranean borehole and
comprises a drilling rig, at least one programmable logic
controller, a control system and a graphical interface. The
drilling rig comprises a drill string having a drill bit secured to
one end thereof, draw works for raising and lowering the drill
string, a top drive for rotating the drill string and at least one
mud pump for circulating drilling fluid through the drill string
and the drill bit. At least one programmable logic controller
may be connected to and control at least one of the draw
works, the top drive and at least one mud pump. The control
system may determine a gravitational energy term, a torsional
energy term, a hydraulic energy term and a value for hydro-
mechanical specific energy which is the sum of the gravita-
tional energy term, the torsional energy term and the hydrau-
lic energy term. The value for hydromechanical specific
energy may be compared against a quantity of specific energy
representing the compressive strength of subterranean rock
encountered during drilling, an energy of extrusion for
crushed rock particles, and the drill string friction encoun-
tered in the borehole while drilling, and may adjust at least
one drilling parameter based upon the comparison to thereby
approximate the least amount of energy required to destroy
and remove a given unit volume of rock without sacrificing
rate of penetration. The graphical interface may display at
least the hydromechanical specific energy and the quantity of
energy representing the compressive strength of subterranean
rock encountered during drilling, the energy of extrusion for
crushed rock particles, and the drill string friction encoun-
tered in the borehole while drilling.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorporated in
and form a part of the specification, illustrate the embodi-
ments of the present invention and, together with the descrip-
tion, serve to explain the principles of the invention.

In the drawings:

FIG. 1 is a schematic of a drilling rig as deployed to drill a
subterranean borehole;

FIG. 2 is a block flow diagram of one embodiment of the
processes of the present invention;

FIG. 3 is a block flow diagram of another embodiment of
the processes of the present invention;

FIG. 4 is a block flow diagram of still another embodiment
of the processes of the present invention; and
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FIG. 5 is a block flow diagram of a further embodiment of
the processes of the present invention.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

The processes and systems of the present invention may be
practiced and deployed in a borehole which may be formed by
any suitable means, such as by a rotary drill string, as will be
evident to a skilled artisan. As used throughout this descrip-
tion, the term “borehole” is synonymous with wellbore and
means the open hole oruncased portion of a subterranean well
including the rock face which bounds the drilled hole. A “drill
string” may be made up of tubulars secured together by any
suitable means, such as mating threads, and a drill bit secured
at or near one end of the drill string. The borehole may extend
from the surface of the earth, including land, a sea bed or
ocean platform, and may penetrate one or more environs of
interest. As used throughout this description, the terms “envi-
ron” and “environs” refers to one or more subterranean areas,
zones, horizons and/or formations that may contain hydro-
carbons. The borehole may have any suitable subterranean
configuration, such as generally vertical, generally deviated,
generally horizontal, or combinations thereof, as will be evi-
dent to a skilled artisan. Typically, a drilling rig has a rig
control system which governs a network of programmable
logic controllers allowing a drilling operator to control the
draw works, the top drive and the mud pumps on the drilling
rig among other equipment. The draw works of a drilling rig
is a machine which primarily reels the drill sting in and out of
the borehole and thereby controls the weight on bit. The top
drive is a device that turns the drill string and thereby controls
revolutions per minute (“RPM”) thereof. The mud pump cir-
culates drilling fluid under high pressure down the drill string
and up the annulus between the drill string and the borehole to
the drilling rig and thereby controls the drilling fluid circula-
tion rate.

A drilling rig that may be typically comprised of compo-
nent parts may be permanent or mobile and may be land or
marine based is generally illustrated in FIG. 1. The compo-
nents of a drilling rig 10 may comprise a derrick 11 through
which a drill string 14 may be lowered by the draw works 20
and rotated by top drive 30 to form a borehole 12 in the earth
5. Draw works 20 may be connected to top drive 30 by any
suitable means, such as drilling lines 24, a crown block 22,
traveling block 26 and connector 28, while the top drive 30
may be connected to drill string 14 by any suitable means as
will be evident to a skilled artisan, for example a drive shaft
32. Drill string 14 may be made up of tubulars 15 secured
together by any suitable means as will be evident by a skilled
artisan, for example by mating, threaded male and female
ends, and has a suitable drill bit 18 secured to one end thereof.
A bottom hole assembly 19 may also be included near one end
of'the drill string and may include measurement while drilling
(MWD) instrumentation, logging while drilling (LWD)
instrumentation, or both to provide real time down hole mea-
surements to the operators of the drilling rig. Such MWD and
LWD instrumentation may measure gamma ray radiation,
sonic velocities, porosity, density, resistivity, borehole azi-
muth, borehole inclination, pressures, temperature, weight on
bit, revolutions per unit time, bending moments, vibration,
shock and torque and may include a suitable means of com-
munication to tools used to adjust borehole trajectory tools
positioned within the bottom hole assembly. The measured
results may be stored in the instrumentation’s physical
memory and also may be transmitted to surface in real time
using mud pulse telemetry through the drilling mud or other
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advanced telemetry technology such as electromagnetic
(EM) frequency or acoustic communications or wired drill
string. Drilling mud may be pumped from the surface by
means of mud pump(s) 40 via line 42 and through the drill
string 14 to circulate rock cuttings to the surface 4 via the
annulus 13 formed between the borehole 12 and drill string 14
(as indicated by the arrows in FIG. 1).

In accordance with the present invention, an advanced
control system 60 may be provided at or near the rig which
may be in operational communication with the rig’s existing
network of programmable logic controllers (PLCs) 50 gov-
erning action of draw works 20, top drive 30 and mud pump(s)
40 by any suitable means, for example by direct electrical
wiring or electromagnetic signals, so as to control each of
these pieces of equipment among others on the drilling rig.
Advanced control system 60 may include proportional inte-
gral derivative (PID) loop control algorithms which may
function as described below. Measurements from the MWD
and/or LWD instrumentation in the bottom hole assembly 19
as well as at the surface by a data acquisition system (not
illustrated) on a drilling rig are continually input into the
advanced control system 60 which performs a real time cal-
culation of hydromechanical specific energy (HMSE) and
uses PID loop control algorithms to continually iterate adjust-
ments of a manipulated variable, for example WOB, in order
to drive a process variable, for example gravitational energy
term G, towards a setpoint for that process variable until such
point in time when the difference, or error, between the pro-
cess variable and its setpoint is equal to zero. At that point, no
further adjustment to the manipulated variable is required
until and if the process variable begins to deviate from its
setpoint. A variety of operational and/or environmental fac-
tors may cause the process variable to deviate from its set-
point, for example drilling through rock formations of differ-
ent compressive strengths or vibrations in the drill string
leaching energy out of the system, etc. Advanced control
system 60 is connected to a graphical, visual interface 61,
such as a liquid crystal display, to permit operating personnel
on the drilling rig 10 to view in real time HMSE, manipulated
variables, process variables and other information as such
personnel may require.

In general, the embodiments of the present invention are
based upon improving the efficiency of drilling a borehole by
using a unique calculation and processes for governing and
controlling the real time specific drilling energies applied to a
borehole during drilling operations in response to such cal-
culation so as to efficiently approximate and deliver the least
amount of energy required to destroy and remove a given unit
volume of rock without sacrificing rate of penetration.

One embodiment of the present invention is directed to a
method of improving the efficiency of drilling a borehole in
response to real time calculation of hydromechanical specific
energy (HMSE) which includes the hydraulic energy deliv-
ered to the face of the borehole adjacent the drill bit by the
drilling fluid, in addition to unique calculations of the tradi-
tional torsional and gravitational terms of the MSE equation.
HMSE is the summed total of three quantities of energy
delivered to the rock being drilled: gravitational energy, tor-
sional energy, and hydraulic energy. The HMSE calculation
employed in the present invention incorporates the hydraulic
energy delivered to the rock face underneath the bit along
with the gravitational energy imposed by the weight of the
drill string and the torsional energy imposed by rotating the
drill string, thereby providing a more accurate quantification
of'the energy expended to drill a borehole by destroying rock
(overcoming the rock’s compressive strength), removing
rock (overcoming the crushed rock particle energy of extru-

6

sion) and annulling frictional resistance (between the drill
string and the borehole), than previous specific energy calcu-
lations.
HMSE may be calculated in accordance with the following
5 general equation:

HSME = G (gravitational term) + T (torsional term) + H (hydraulic term)

10 _ AWy — B 480+ (RPM +myx Q)x (14 m; +dP) |
T xxD} D}« ROP
4616 Py % Q
&k ———
7D}« ROP
15

Expanding individual energy terms G, T and H into indepen-
dent variables yields:

20 oo W= BF)
n# D}
D:-DAY* 2
1-(1022.5#] . 4127'%
AW, — oo " cos(0) |« Z
25 e W) 1930
74D}
J_ 430RPM + my +Q) 1+ +dP)
- D} «ROP
30 4616 Py % Q
= F — =
7+ D}« ROP
p2-p2y*
1- (1022.5b—2" ,
(D7) 0.425% MW % Q
35 (001200 (DY
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Thereby resulting in an expanded HMSE calculation:

40
D}-Di)™ 4172407
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b= | —oopoaa—— ¢°S *
e 1930 .
45 n#D}
480*(RPM+m,*Q)*([+m,*dP)+
D} «ROP
p2-p2y*
50 1—(1022.5b—2" ,
(D7) 0.425% MW % Q
(22 DY
F®@ 2
7w Dy 3033 = ROP
55 .
Wherein:

D,=drill bit diameter (inches)

D, =drill Pipe diameter (inches)

D,=nozzle diameter (32" inch)

F =fluid jet impact force (Ibs)

K=modeled constant (0.122, unless otherwise modeled for a
specific bit)

m,=mud motor rotary factor (RPM/gal)

m,~mud motor torque factor (in®)

n=quantity of bit nozzles

P,=pressure drop across drill bit (psi)

Q=surface or downhole drilling fluid circulation rate (gpm)

60

65
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r=distance from bit nozzle to formation (inches)
ROP=surface or downhole rate of penetration (ft/hr)
RPM=surface or downhole revolutions per minute
t=surface or downhole torque (ft 1bs)

G=gravitational energy term (psi)

T=torsional energy term (psi)

H=hydraulic energy term (psi)

W, =surface or downhole weight on bit (Ibs)

a=hydraulic energy reduction factor (unitless)

p=impact force reduction factor (unitless)

B=cutting angle of the fluid jet (°)

p=dynamic viscosity of the drilling fluid (cP)

The magnitude of the hydraulic term is reduced circumstan-
tially by a factor a,, which may be calculated in accordance
with the following equation:

- A%

T rxe™

Wherein:
Av=fluid velocity ratio

(]
—ratio
Vi

V, =bit specific jet velocity (ft/s)
V ~annular fluid velocity (ft/s)
e=Euler’s mathematical constant ~2.71828 . . .
v=kinematic viscosity of the drilling fluid (in*/sec)
Incorporation of the hydraulic energy reduction factor
into the calculation of the hydraulic term accounts for the
kinematic viscosity of the drilling fluid, commonly thought of
as the diffusivity of momentum, which is a crucial parameter
to consider when analyzing an environment as wildly turbu-
lent as the bottom of a borehole during drilling, as it either
enables or impedes the ability of a given drilling fluid to do
work. If a drilling fluid exhibits the characteristic of readily
diffusing its momentum (high kinematic viscosity), that fluid
is using more energy to overcome its internal shearing resis-
tance in order to flow, thereby reducing the energy available to
clear away extruded rock cuttings from underneath the bit. In
addition, the amount of hydraulic energy underneath the bit is
inversely proportional to the distance from the nozzle, and
will decrease in magnitude as fluid propagates from the
nozzle to the rock formation. Contrasted to the common
inverse square law model based on radiation expanding as a
spherical surface,

(5]
4dnr2 )

in the case of hydraulic energy emanating from a drill bit via
afluidjet, it is preferred to consider only the one-dimensional
(linear) direction of the jet velocity vector in three dimen-
sional space and model the energy reduction accordingly,
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The skilled artisan will also recognize that entrained fluid
flow in directions opposing the jet velocity vector which has
been deflected off of the rock may further increase the mag-
nitude of energy reduction.

The magnitude of the gravitational term is reduced by the
drilling fluid jet impact force F,. Given that the fluid jet impact
force is a vector quantity, the directional component thereof
that is parallel with the direction of borehole extension varies
relative to the cosine of the cutting angle of the fluid jet. The
skilled artisan will also recognize that if more than one nozzle
is present on a drill bit (i.e—multiple fluid jets), then the jet
velocity resultant vector would be used to model the system.
The impact force reduction factor 13 may be calculated in
accordance with the following equation:

1 - v
P =a=xcost = cosf
ree’

Wherein:
©=cutting angle of the fluid jet or resultant vector (°)

As current drilling operations may include the use of a
down hole hydraulically driven mud-motor, the torsional
term may be modified accordingly to account for the extra
revolutions per unit of time that are realized by the bit when
fluid is pumped through the motor in addition to any extra
torque from the motor. If no mud motor is used, then the
mud-motor factors for rotary and torque, m, and m, respec-
tively, will simply be set equal to zero within the torsional
term T.

In accordance with an embodiment of the processes and
systems of the present invention illustrated in FIG. 2, a con-
tinual analysis of HMSE may be conducted during drilling
operations using real-time data to calculate each term of
HMSE which is continually appropriately displayed, for
example graphically, on an appropriate visual interface 61,
such as a liquid crystal display, which may be viewed by the
operating personnel on drilling rig 10. Real time drilling data,
such as Torque, RPM, WOB, ROP, and Q, may be measured
at the surface by the data acquisition system on a drilling rig
or obtained downhole by various technologies, for example
by measurement while drilling (MWD) instrumentation and/
or logging while drilling (LWD) instrumentation in the bot-
tom hole assembly 19, and transmitted to the surface by
various telemetries, for example mud pulse, electromagnetic,
acoustic or wired drill string and entered into an advanced
control system 60 by any suitable means 58 of date transmis-
sion, for example Ethernet cable or wireless data transmission
systems. Other parameters, such as drill pipe diameter, drill
bit diameter, number of nozzles on the drilling bit, etc. may
also be entered into the advanced control system 60 by any
suitable means 59 of data transmission, for example Ethernet
cable or wireless data transmission systems. The gravitational
term G, the torsional term T and the hydraulic term H may
then be calculated using such real-time data and manually
entered data and summed to determine HMSE which may
also be continually displayed on the visual interface. In one
aspect of the embodiment depicted in FIG. 2, the processes
and systems of the present invention may be configured for
operation in a manual mode. Typically, the manual mode may
be selected by a user, for example the operator of a drilling rig,
via any suitable means, for example a graphical user interface
61, especially in instances where no offset well data or no
meaningful offset well data is available. In the manual mode
of'operation, one or more operating personnel associated with
the drilling rig may actuate the draw works 20, top drive 30,
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mud pump(s) 40 or combinations thereof by manually adjust-
ing the output signals 52, 54, 56 or combinations thereof from
PID loops 1, 2 or 3, respectively, which subsequently passes
setpoints into the PL.C network 50 of the drilling rig based
upon such personnel’s observation of the display of HMSE
and the individual terms G, T and H thereof in an effort to
reduce HMSE or any combination of the individual terms G,
T and H so as to deliver the least amount of energy required to
destroy and remove a given unit volume of rock. In manual
mode, the PID loops illustrated in FIG. 2, in conjunction with
the graphical user interface, serve to continually display the
values of HMSE calculated in accordance with the present
invention and the individual terms thereof as process vari-
ables (PV) to the operating personnel, while allowing manual
adjustment of output signals from the PID loops 52, 54,56 as
ameans of adjusting drilling parameters, i.e. WOB, RPM and
mud flow rate, by controlling the draw works 20, top drive 30,
mud pump(s) 40 or combinations thereof in response to such
display. Further, pattern recognition algorithms deployed via
any suitable means, for example fuzzy logic and/or one or
more artificial neural networks, may be used to identify drill-
ing inefficiencies or dysfunctions and display recommended
adjustments to the HMSE term values to the operating per-
sonnel on the drilling rig. Based upon these recommendations
and the experience of the operator, adjustments to the gravi-
tational, torsional and hydraulic energy terms can be made by
manually changing the outputs from PID loops 1, 2 or 3,
respectively, which subsequently passes setpoints 52, 54, 56
for WOB, RPM, mud flow rate or combinations thereof into
the programmable logic control network of the drilling rig
control system 50. Such process of using HMSE and the
individual terms G, T and H thereof to mitigate drilling dys-
functions may be continually practiced during drilling of the
well.

In another embodiment of the processes and systems of the
present invention illustrated in FIG. 3 where no offset well
data or no meaningful offset well data is available, the system
and process may be operated in an automatic mode wherein
pattern recognition algorithms deployed via any suitable
means, for example fuzzy logic and/or one or more artificial
neural networks, may be used to identify drilling inefficien-
cies or dysfunctions, and PID control loops are again used to
display the values of HMSE and the individual terms thereof
calculated in accordance with the present invention to the
operating personnel on the drilling rig. However, in the auto-
matic mode of operation, the PID control loops may be uti-
lized subsequent to the calculation of each HMSE term in a
manner to autonomously govern the action of individual drill-
ing rig components in real time, for example the draw works
by way of weight on bit setpoint manipulation, the top drive
by way of RPM setpoint manipulation and the mud pumps by
way of fluid flow rate setpoint manipulation, which in turn
affect the real time magnitude of HMSE and the terms
thereof, thereby giving rise to a real time hydromechanical
specific energy control loop. In this embodiment, operating
personnel may initially utilize the advanced control system’s
visual interface 61 to manually impose setpoints 152, 154,
156 for each term G, T and H which in turn causes the
respective PID loop to adjust individual drilling parameters
s0 as to iteratively drive each term G, T and H toward the
setpoint within certain constraints related to equipment or
operational limitations that may be preset and subsequently
adjusted.

For example, with respect to the gravitational energy G
PID loop 1, the operator may impose a setpoint 152 for G
(process variable) via the advanced control system’s visual
interface 61 resulting in the PID loop’s manipulation of the
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WOB parameter as an output signal to the existing PL.C
network 50 on the drilling rig in an attempt to continually
drive the process variable, G, equal to the setpoint.

Regarding the torsional energy PID loop 2, the operator
may, for example, impose a setpoint 154 for T (process vari-
able) via the advanced control system’s visual interface 61
resulting in the PID loop’s manipulation of the RPM param-
eter as an output signal to the existing PL.C network 50 on the
drilling rig in an attempt to continually drive the process
variable, T, equal to the setpoint.

Regarding the hydraulic energy PID loop 3, the operator
may, for example, impose a setpoint 156 for H (process vari-
able) via the advanced control system’s visual interface 61
resulting in the PID loop’s manipulation of the fluid flow rate
parameter as an output signal to the existing PLC network 50
on the drilling rig in an attempt to continually drive the
process variable, H, equal to the setpoint.

In this embodiment of the processes and systems of the
present invention illustrated in FIG. 3, the automatic mode of
operation allows PID loop action to maintain efficiency of the
drilling operation during times when operational and/or envi-
ronmental factors, such as varying rock strengths or vibra-
tions in the drill string leaching energy out of the system, are
influential, by automatically changing the outputs from PID
loops 1, 2 or 3, respectively, which subsequently passes set-
points for WOB, RPM, mud flow rate or combinations thereof
into the programmable logic control network 50 of the drill-
ing rig.

Initial setpoints for G, T and H may be derived using fuzzy
logic and/or one or more artificial neural networks using real
time drilling conditions as inputs, for example, depth, rock
type, fluid type, and borehole properties, such as inclination
and azimuth. Alternatively, initial setpoints for G, T and H
may be derived using expertise of experienced drilling per-
sonnel with an understanding of preferred ratios of G:T:H that
will achieve efficient drilling.

An operator may impose setpoints 152, 154 and 156 on all
of the PID loops 1, 2 and 3, respectively, in a manner as
described above, on any combination of two of these PID
loops, or on only one of these PID loops 1-3. In those
instances where the setpoints 152, 154 or 156 are not imposed
on a PID loop in a manner as described above with respect to
FIG. 2, outputs from those PID loops where setpoints have
not been imposed may be manually adjusted so as to pass
setpoints 52, 54 or 56 into the programmable logic control
network of the drilling rig control system 50 in a manner as
described above with respect to FIG. 2. Accordingly, PID
loops 1-3 may be operated in accordance with the process and
systems of FIG. 2, FIG. 3 or combinations thereof.

In still another embodiment of the present invention,
HMSE determined in accordance with the present invention
may not only improve the accuracy of the calculation of the
energy needed to drill a borehole over previous specific
energy calculations, but more importantly, may allow for an
energy-balance to be performed around the borehole where
sufficient offset well data is available. In real time, the specific
energy put into the borehole as a result of the drilling opera-
tion may be set equal to the quantity of specific energy related
to the rock’s compressive strength (CCS) in addition to the
crushed rock particle energy of extrusion (E,) in addition to
the energy required to overcome dynamic frictional forces in
the borehole (B, giving [HMSE=CCS+E_+E ] as the process
model and governing equation. The quantity [CCS+E_+E{
should be thought of as the potential specific energy or resis-
tive specific energy of the environ to be overcome by the
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kinetic specific energy or hydromechanical specific energy of
the drilling operation in constructing a borehole within said
environ.

Performing the energy-balance in real time allows for the
governing equation to be rearranged and solved for adjustable
drilling parameters, such as WOB, RPM, Q or combinations
thereof.

Accordingly, as illustrated in FIG. 4, the system and pro-
cess may be operated in a cascade mode where sufficient
offset well data exists to input actual well data 252, modeled
well data 252 or combinations thereof 252 via the advanced
control system’s visual interface 61 into an artificial intelli-
gence layer 62 within the advanced control system 60 which
may use fuzzy logic and/or one or more artificial neural
networks that may predictively determine the type of subter-
ranean rock and compressive strength (CCS) of the subterra-
nean rock to be encountered during drilling in addition to the
crushed rock particle energy of extrusion (E,). Based upon
pattern recognition and predictive modeling, the artificial
intelligence layer may output a rock strength vs. depth profile
of'the borehole to be drilled 254 and an energy of extrusion vs.
depth profile of the borehole to be drilled 256 such that the
rock’s compressive strength and the energy of extrusion may
be continually input into a real time energy balance against
the HMSE during drilling. In addition to the CCS and E,
inputs to the energy balance, as illustrated by FIG. 4, a drill
string friction model 250 may be used to generate yet another
quantity of energy (E,) as an input via means 258 to the energy
balance. The drill string friction model may be based on one
or more real time drilling data parameters 58, for example
depth, RPM, inclination, dog leg severity, etc., one or more
manually entered parameters 59, for example drilling fluid
weight, drilling fluid type, drilling fluid lubricity, etc., or
combinations thereof, so as to produce a value representing
the resistive energy associated with dynamic frictional forces
between the drill string and the borehole while drilling.
Accounting for all said energies yields the energy balance as
HMSE=[G+T+H]=[CCS+E _+E/].

An advantage of utilizing PID algorithms to control a pro-
cess may be that several PID controllers can be arranged
together in such a way that yields better dynamic perfor-
mance, via cascaded PID control. In a cascade control
scheme, PID loops may be arranged with one master loop
controlling the setpoint of one or more other slave PID loops.
The master controller acts as the outer loop controller, which
controls the primary parameter, such as HMSE. The other
slave controllers act as inner loop controllers, which read the
outputs of outer loop controller as setpoints, usually control-
ling more rapidly changing parameters, such as gravitational,
torsional and hydraulic energies. Typically, the cascade mode
may be selected by a user via any suitable means, such as a
graphical user interface 61. In this embodiment, the respec-
tive PID loops 1, 2 and 3 may function in a manner similar to
that described with respect to automatic mode of FIG. 3, i.e.
to iteratively drive the process variable (PV) for each term G,
T and H toward their corresponding setpoints within preset
and adjustable constraints, but now may operate as slave PID
loops in a master-slave control loop scheme to the master PID
control loop 4. The PV of loop 4 is HMSE, allowing the PID
control algorithm of loop 4 to iteratively drive HMSE toward
a setpoint within preset and adjustable constraints by continu-
ally adjusting its output signals to loops 1, 2 and 3, which are
actually energy term setpoints for G, T and H, respectively.
Additionally, an adaptive control module 270 which may be
comprised of an adaptive neuro-fuzzy inference system (AN-
FIS) may be configured to perform pattern recognition analy-
ses using real-time trends of HMSE and terms thereof along
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with rock properties as inputs. The ANFIS may function to
manage or maintain specific ratios between individual energy
term values and/or specific ratios between one or more indi-
vidual energy terms and the total HMSE, thereby controlling
one or more energy terms partial contribution to the total
HMSE. For example, there may be a situation where the
system is utilized to focus on optimizing the G:H ratio when
hole-cleaning may be critical, or alternatively, there may be a
situation where the system is utilized to focus on the G:T ratio
when mitigation of vibrational dysfunctions, such as stick
slip, bit whirl, etc., may be critical. Rule based decisions may
then be made based on such analyses to adaptively and con-
tinually adjust the energy term setpoints of one or more slave
PD loops controlling the individual G, T and H terms, which
in turn may drive the manipulation of adjustable drilling
parameters, for example, weight on bit setpoints, RPM set-
points and fluid flow rate setpoints. These adjustable drilling
parameter setpoints may be output signals from the slave PID
loops passed into the existing PL.C network 50 on the drilling
rig, thereby continually driving each term G, T and H toward
their respective setpoints within preset and adjustable con-
straints so as to achieve efficient drilling by autonomously
delivering the least amount of hydromechanical specific
energy required to destroy and remove a given unit volume of
rock without sacrificing rate of penetration.

FIG. 5 depicts the embodiments of FIGS. 2-4 in a single
schematic so as to illustrate the decision points of the com-
bined process which may be made by operating personnel.
The cascade mode of FIG. 4 may only be used where suffi-
cient offset well data is available to provide actual or modeled
inputs or combinations thereof into the artificial intelligence
layer sufficient to output a rock strength vs. depth profile of
the borehole to be drilled 254 and an energy of extrusion vs.
depth profile of the borehole to be drilled 256 within accept-
able error limits. If insufficient well data exists or if a user
determines for some other reason that the cascade mode
should not be selected, then the manual mode (also illustrated
in FIG. 2) or the automatic mode (also illustrated in FIG. 3)
may be selected by a user via any suitable means, such as a
graphical user interface.

It will be understood by a skilled artisan that the HMSE
calculations and/or predictive modeling performed via artifi-
cial intelligence may be performed at a remote location from
the drilling rig and may be communicated to the rig control
system via an Internet or satellite communication service,
which preferably may be secure. Further, calculations of
HMSE and the individual terms thereof may be shared with
other remotely located personnel, for example in a regional or
headquarter office, via a similar communication service.

Itwill be further understood by a skilled artisan that each of
rig’s existing control system 50 and advanced control system
60 may include laptop computers, desktop computers, touch
screen mobile devices, servers, or other processor-based
devices, which in turn may each include a monitor, keyboard,
mouse and other user interfaces for interacting with a user and
also memory for storing data and other applications, such as
hard disk drives, floppy disks, CD-ROMs and other optical
media, magnetic tape, and the like.

While the foregoing preferred embodiments of the inven-
tion have been described and shown, it is understood that the
alternatives and modifications, such as those suggested and
others, may be made thereto and fall within the scope of the
invention.

I claim:

1. A process for drilling a borehole comprising:

obtaining real-time data necessary to determine a gravita-

tional energy term, a torsional energy term, a hydraulic
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energy term and a hydromechanical specific energy
which is the sum of the gravitational energy term, the
torsional energy term and the hydraulic energy term;

determining the gravitational energy term, the torsional
energy term, the hydraulic energy term and the hydro-
mechanical specific energy based upon such real-time
data, wherein the hydraulic energy term includes a
hydraulic energy reduction factor so as to account for the
distance between a nozzle of a drill bit and rock and the
kinematic viscosity of drilling fluid;
comparing each of the gravitational energy term, the tor-
sional energy term and the hydraulic energy term against
a corresponding setpoint for each term; and

adjusting at least one drilling parameter based upon the
comparison thereby approximating the least amount of
energy required to destroy and remove a given unit vol-
ume of rock without sacrificing rate of penetration.
2. The process of claim 1 wherein said at least one drilling
parameter is weight on bit, rpm, drilling fluid flow rate, or
combinations thereof.
3. The process of claim 2 wherein the step of adjusting
involves actuation of one or more of draw works, top drive
and mud pumps of a drilling rig.
4. The process of claim 3 wherein the step of adjusting
involves at least actuation of the mud pumps of a drilling rig.
5. The process of claim 2 wherein said at least one drilling
parameter is adjusted manually.
6. The process of claim 1 wherein said steps are performed
continually.
7. The process of claim 1 further comprising:
changing at least one of said corresponding setpoints.
8. The process of claim 7 wherein said at least one of said
corresponding setpoints is changed to maintain a specified
ratio between at least two of said gravitational energy term,
said torsional energy term and said hydraulic energy term and
thereby controlling the partial contribution of said at least two
energy terms to the hydromechanical specific energy.
9. The process of claim 1 wherein said real-time data is
obtained from surface equipment, from downhole tools in the
borehole, or from both the surface equipment and downhole
tools in the borehole.
10. A process for drilling a borehole comprising:
obtaining real-time data necessary to determine a gravita-
tional energy term, a torsional energy term, a hydraulic
energy term and a hydromechanical specific energy
which is the sum of the gravitational energy term, the
torsional energy term and the hydraulic energy term;

determining values for the gravitational energy term, the
torsional energy term, the hydraulic energy term and the
hydromechanical specific energy based upon such real-
time data;

comparing the determined values for each of the gravita-

tional energy term, the torsional energy term and the
hydraulic energy term against corresponding setpoints
for each of the gravitational energy term, the torsional
energy term and the hydraulic energy term; and
automatically adjusting at least one drilling parameter
based upon the comparison thereby reducing the amount
of energy required to destroy and remove a given unit
volume of rock without sacrificing rate of penetration.

11. The process of claim 10 wherein said at least one
drilling parameter is weight on bit, rpm, drilling fluid flow
rate, or combinations thereof.

12. The process of claim 11 wherein the step of adjusting
involves actuation of one or more of draw works, top drive
and mud pumps of a drilling rig.
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13. The process of claim 12 wherein the step of adjusting
involves at least actuation of the mud pumps of a drilling rig.
14. The process of claim 10 wherein said steps are per-
formed continually.
15. The process of claim 10 further comprising:
changing at least one of said corresponding setpoints.
16. The process of claim 14 wherein said at least one of'said
corresponding setpoints is changed to maintain a specified
ratio between at least two of said gravitational energy term,
said torsional energy term and said hydraulic energy term and
thereby controlling the partial contribution of said at least two
energy terms to the hydromechanical specific energy.
17. The process of claim 10 wherein said real-time data is
obtained from surface equipment, from downhole tools in the
borehole, or from both the surface equipment and downhole
tools in the borehole.
18. A process for drilling a borehole comprising:
obtaining real-time data necessary to determine a gravita-
tional energy term, a torsional energy term, a hydraulic
energy term and a hydromechanical specific energy
which is the sum of the gravitational energy term, the
torsional energy term and the hydraulic energy term;

determining the gravitational energy term, the torsional
energy term, the hydraulic energy term and the hydro-
mechanical specific energy based upon such real-time
data;

comparing the hydromechanical specific energy against a

quantity of specific energy representing a compressive
strength of subterranean rock encountered during drill-
ing, an energy of extrusion for crushed rock particles,
and drill string friction encountered in the borehole
while drilling; and

adjusting at least one drilling parameter based upon the

comparison to approximate the least amount of energy
required to destroy and remove a given unit volume of
rock without sacrificing rate of penetration.

19. The process of claim 18 wherein said at least one
drilling parameter is weight on bit, rpm, drilling fluid flow
rate, or combinations thereof.

20. The process of claim 19 wherein the step of adjusting
involves actuation of one or more of the draw works, top drive
and mud pumps of a drilling rig.

21. The process of claim 18 wherein said steps are per-
formed continually.

22. The process of claim 21 wherein said at least one of said
corresponding setpoints is changed to maintain a specified
ratio between at least two of said gravitational energy term,
said torsional energy term and said hydraulic energy term and
thereby controlling the partial contribution of said at least two
energy terms to the hydromechanical specific energy.

23. The process of claim 18 wherein said real-time data is
obtained from surface equipment, from downhole tools in the
borehole, or from both the surface equipment and downhole
tools in the borehole.

24. The process of claim 18 further comprising:

comparing the determined values for each of the gravita-

tional energy term, the torsional energy term and the
hydraulic energy term against a corresponding set points
for each of the gravitational energy term, the torsional
energy term and the hydraulic energy term; and

further adjusting said at least one drilling parameter based

upon the comparison to approximate the least amount of
energy required to remove a given unit volume of rock.

25. The process of claim 24 wherein said steps are per-
formed continually.

26. The process of claim 24 further comprising:

changing at least one of said corresponding setpoints.
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27. The process of claim 26 wherein said at least one of'said
corresponding setpoints is changed to maintain a specified
ratio between at least two of said gravitational energy term,
said torsional energy term and said hydraulic energy term and
thereby controlling the partial contribution of said at least two
energy terms to the hydromechanical specific energy.

28. The process of claim 18 wherein said compressive
strength and said particle energy of extrusion are derived from
actual well data, modeled well data or combinations thereof.

29. The process of claim 18 wherein said at least one of'said
corresponding setpoints is changed manually.

30. A system for drilling a borehole comprising:

a drilling rig comprising a drill string having a drill bit
secured to one end thereof, draw works for raising and
lowering the drill string, a top drive for rotating the drill
string and at least one mud pump for circulating drilling
fluid through the drill string and the drill bit;

at least one programmable logic controller connected to
and controlling at least one of the draw works, the top
drive and the at least one mud pump;

a control system which determines a gravitational energy
term, a torsional energy term, a hydraulic energy term
and a hydromechanical specific energy which is the sum
of the gravitational energy term, the torsional energy
term and the hydraulic energy term, compares each of
the gravitational energy term, the torsional energy term
and the hydraulic energy term against a corresponding
setpoint for each term, and adjusts at least one drilling
parameter based upon the comparison to thereby
approximate the least amount of energy required to
destroy and remove a given unit volume of rock without
sacrificing rate of penetration; and

a graphical interface which displays at least the hydrome-
chanical specific energy and permits a user to change
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said corresponding setpoint manually or automatically
by means of the control system.

31. A system for drilling a borehole comprising:

a drilling rig comprising a drill string having a drill bit
secured to one end thereof, draw works for raising and
lowering the drill string, a top drive for rotating the drill

string and at least one mud pump for circulating drilling
fluid through the drill string and the drill bit;

at least one programmable logic controller connected to
and controlling at least one of the draw works, the top
drive and the at least one mud pump;

a control system which determines a gravitational energy
term, a torsional energy term, a hydraulic energy term
and a value for hydromechanical specific energy which
is the sum of the gravitational energy term, the torsional
energy term and the hydraulic energy term; compares
the value for hydromechanical specific energy against a
quantity of specific energy representing the compressive
strength of subterranean rock encountered during drill-
ing, an energy of extrusion for crushed rock particles,
and the drill string friction encountered in the borehole
while drilling; and adjusts at least one drilling parameter
based upon the comparison to thereby approximate the
least amount of energy required to destroy and remove a
given unit volume of rock; and

a graphical interface which displays at least the value for
hydromechanical specific energy and the quantity of
energy representing the compressive strength of subter-
ranean rock encountered during drilling, an energy of
extrusion for crushed rock particles, and drill string fric-
tion encountered in the borehole while drilling.
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